The manufacturing errors of machine tools are usually due to the imperfect of bearings, stiffness of spindle, assembly errors, and so on. In addition, the rotor eccentricity of the permanent magnet (PM) machine affects to the constant torque and speed characteristic of mechanical loads. The errors due to rotor eccentricity is caused by manufacturing process and rotor eccentricity generate unbalanced magnetic force (UMF). The sources of UMF are generated by the interaction between the rotor magnets and the stator core. Firstly, we suggested that the characteristic analysis results due to rotor eccentricity are calculated by using finite-element (FE) analysis. Moreover, we proposed experimental set to measure the UMF on the PM machines. Finally, we verified the validity of the proposed UMF measurement system by comparison with the measured results and simulation results due to the rotor eccentricity in the PM machine.
Introduction
Permanent magnet (PM) machines are becoming popular in various applications due to their high performance and higher operating efficiency in comparison to conventional electrical machines such as dc and induction motors [1] . In particular, rotor precision is one of the most essential components in a PM machine because the rotor is important for the operation performance, efficiency, and reliability of the motor drive system. Inevitably, however, rotor errors due to imprecision in the manufacturing process are introduced mechanically in the PM machines [2] . These types of errors generate rotor eccentricity, which causes the unbalancing of the air-gap length between the rotor magnets and stator core on the PM machine. The errors due to rotor eccentricity can cause deterioration to the performance of the PM machine. Additionally, the prediction and measurement of the unbalanced force are essential in order to maintain the high performance and efficiency of the PM machines. Therefore, investigating rotor eccentricity is important because its prediction can be made by considering the mechanical loss of wear on the bearing, as well as acoustic noise and vibration [3] . In previous studies, the rotor eccentricity with regard to vibration and acoustic noise was difficult to measure for the purpose of improving the rotation precision in the PM machines. Various researchers have indirectly predicted the existence and characteristics of the unbalanced force through the measured vibration or acoustic noise in the PM machine.
In order to confirm the experimental results of the magnitude of the unbalanced magnetic force according to the eccentricity of the rotor, it was necessary to have a model of the large air gap and the magnetic unbalance. The PM machine model of the large magnetic unbalance was selected by comparison to magnetic unbalance models reported in the literature. Hence, the 4-pole and 15-slot model with a sufficiently large magnetic unbalance was selected. Then, the characteristic variations due to rotor eccentricity were calculated for the PM machine with 4-poles and 15-slots by using finite-element (FE) analysis.
We propose an experimental setup for measuring the UMF characteristics in the PM machine. By using the proposed setup, the validity of the UMF measurement system was verified by comparing the experimental results to the simulation results of rotor eccentricity. Figure 1 shows a schematic representation of rotor eccentricity. Accordingly, the eccentricity of the rotor, centers of the rotor magnet, and stator core, were different, and the air gap condition of the PM machine was unbalanced [5] . Since the rotating center was fixed by the rotating shaft, the rotor center was changed due to rotor eccentricity. If the center of the rotor was moved as much as the rotor eccentricity, the obtained results indicated that the PM machine characteristics were affected by the variation of the air-gap length, which was caused by rotor eccentricity [6] . Rotor eccentricity also affected various other characteristics of the PM machine, such as the electromagnetic force characteristics. The total magnetic force on the body placed within the electromagnetic field could be calculated by integrating the magnetic stress on the closed surface around the body. The electro-magnetic forces on the object surface in the magnetic field are expressed by [7] : (1) where B is the magnetic flux density, and n and t represent the normal and tangential components in the coordinate system, respectively.
Owing to the assumption of an infinitely permeable stator and rotor iron in the PM machine, the radial and tangential magnetic local traction acting on the stator surface could be obtained based on the Maxwell stress tensor, as follows:
where in the polar coordinate system, B rg and B θg represent the radial and tangential components of the magnetic flux density, respectively, which can be converted to a system of Cartesian coordinates, as follows:
Due to the influence of rotor eccentricity, the components of the unbalanced magnetic force acting on the stator center of the PM machine were calculated over the circular surface of the radius in the middle of the air gap region.
The unbalanced magnetic force in the x-axis and y-axis directions, respectively, is expressed as follows: (6) (7) 3. FE Analysis of Rotor Eccentricity
Analysis model
The FE analysis model of the surface-mounted PM machine with 4-poles and 15-slots was designed in order to analyze the unbalanced force according to rotor eccentricity. The two models of the considered PM machine are shown in Fig. 2 , where the normal condition is illustrated in Fig. 2(a) , while the rotor eccentricity condition (x-axis: 1.5 mm, y-axis: 1.5 mm) of the PM machine is illustrated in Fig. 2(b) . The unbalanced air-gap length affects the characteristics due to the rotor eccentricity of the PM machine. The characteristic variations due to rotor eccentricity were calculated by using FE analysis. Hence, we present the simulation results of the charac- teristics variation due to the rotor eccentricity in the PM machine. The FE analysis model considered a rotor eccentricity of 0 to 150 µm. Table 1 presents the major design specifications of the analysis model.
Back-EMF and flux density
The simulation results of the back-EMF and THD due to the rotor eccentricity of 0 to 150 µm are shown in Fig.  3 . The simulation results of the back-EMF analyzed the characteristics at the low speed of 60 rpm, and confirmed that the simulation results due to the rotor eccentricity were in good agreement. Table 2 lists the resultant characteristic values of back-EMF and THD due to the rotor eccentricity of 0 to 150 µm. Through the simulation results of the back-EMF, the measurement and prediction of rotor eccentricity confirmed the difficulty of detecting manufacturing errors by the rotor eccentricity of the PM machine. Figure 4 shows the flux density with rotor eccentricity between the rotor magnet and stator core in the PM machine. Additionally, the simulation results of flux density were compared according to the rotor eccentricity of 0 to 150 µm. Through the flux density of simulation results, it was practically difficult to measure the manufacturing errors due to rotor eccentricity by means of flux density measurement. As can be seen from the simulation results of the back-EMF and flux density, the simulation results due to rotor eccentricity did not influence the variation of characteristics. As a result, we confirmed that the detection of rotor eccentricity was difficult to be carried out by using the back-EMF measurement and flux density characteristics.
Cogging torque and electromagnetic torque
The torque characteristic is an important element in the manufacturing and performance testing of the PM machine. Therefore, the reduction of the cogging torque and torque ripple was investigated in order to improve the performance of electric machines [6] . Figure 5(a)-(b) shows the cogging torque and electromagnetic torque characteristics due to the rotor eccentricity of 0 to 150 µm. The results indicated that the rotor eccentricity affected the analysis results of the PM machine. Table 3 lists the simulation results of torque characteristics due to the rotor eccentricity of 0 to 150 µm. In the case of cogging torque, the simulation results due to rotor eccentricity indicated a difference of almost 5.5 mN·m, in comparison to the simulation results of 0 and 150 µm. Moreover, a resultant value greater than 0 µm and 150 µm was obtained by comparing the torque ripple characteristics due to rotor eccentricity. Consequently, as the rotor eccentricity increased, the simulation results of the torque also increased gradually. Therefore, it was possible for the measurement system to predict and detect the rotor eccentricity by using the electromagnetic torque characteristic. However, when measuring the rotation accuracy due to rotor eccentricity in the PM machine by using the electromagnetic torque characteristics, the measurement system of the rotation accuracy had difficulty in constructing the experimental setup and measuring the existence of error due to rotor eccentricity [8] . Additionally, the measurement system had a very complex structure and was very expensive since it required the experimental set-up to be built as ultra-precision measuring equipment.
Force Measurement System
The errors due to rotor eccentricity can cause unbalance to the PM machine force. Therefore, we propose an experimental setup for measuring the UMF characteristics due to rotor eccentricity [9] . This setup was verified in practice by conducting an actual experiment. Figure 6 (a)-(b) shows the UMF measurement system diagram and implementation environment. The analysis model was operated under a no load condition by using a speed control motor (K9P180B GGM Ltd.) at low speed. We developed a measurement system that was used to measure the UMF after the rotor was separated from a stator of the PM machine. The rotor of the PM machine was connected to the rotating shaft in order to regulate the rotor eccentricity by using the feeler gauge in the Y-axis direction. The UMF measurement was performed by connecting the load cell (UU2-K50 DACELL Ltd.) to the bottom of the rotor. The load cell was connected to the amplifier with an NI cDAQ-9174 chassis. The position and speed of the rotor were measured in sequence by using a high-resolution incremental encoder. Furthermore, we monitored the UMF measurement results in real-time by using LabVIEW S/W. Therefore, the UMF measurement according to rotor eccentricity was implemented by LabVIEW S/W installed on a PC, and we performed an experiment to measure the UMF due to rotor eccentricity by using the proposed experimental setup.
Results and Discussion
We established that the characteristics vary according to rotor eccentricity by using the commercial FE analysis software called S/W Ansys EM. Toolkit. Additionally, we presented the simulation results, such as the force, back-EMF, flux density, and torque, on the PM machine. To measure the unbalanced force due to rotor eccentricity, we proposed an experimental setup for the force. We performed a measurement experiment for the y-axis direction force according to a rotor eccentricity of 20 to 80 µm. Subsequently, we compared the measured results to the simulation results obtained by FE analysis S/W. Figure 7 shows the simulation and measured results of UMF according to a rotor eccentricity of 20 to 80 µm. We confirmed that the measured results were similar to the simulation results within the low error. Table 4 presents the result of comparing the simulation values to the measured values by considering an eccentricity of 20 to 80 µm. As the magnitude of rotor eccentricity increased, the difference between the measured results and the simulation results also increased. Figure 8 shows the variation of UMF according to the different values of rotor eccentricity. We confirmed that both the measured and simulation results indicate a linear increase with rotor eccentricity. For the rotor eccentricity of 80 µm, the UMF simulation and measured results show a somewhat higher difference of 16 %. When the rotor eccentricity increased in the PM machine, it was considered that the considerable difference between the simulation and measured results was caused by the measurement error of the load cell itself.
Conclusion
In this study, we investigated the prediction and measurement of rotor eccentricity in the PM machine. First, we presented, experimentally and numerically, the UMF characteristics due to rotor eccentricity in the PM machine. The analysis of the characteristics due to rotor eccentricity was performed using FE analysis, while the simulation results indicated the influence of rotor eccentricity on the characteristics of the PM machine. Then, we proposed an experimental set-up in order to measure the UMF according to the variation of rotor eccentricity. The measurement results of UMF due to rotor eccentricity were compared to the simulation results obtained by FE analysis. Consequently, the UMF measurement results obtained by the proposed experimental setup confirmed the validity of the setup for measuring the UMF characteristics due to rotor eccentricity.
